Management practices have been explored to alleviate the increasing risks due to runoff containing chlorpyrifos, and constructed wetlands (CWs) are perceived as a risk mitigation strategy or best management practice [6] [7] . CWs retain pesticides and herbicides. Under optimal conditions, the chlorpyrifos removal efficiency from subsurface flow CWs is 97.9% [8] . The mean peak pesticide concentrations can be reduced by approximately 91% in a vegetated cell that receives a mixture of five pesticides [9] .
CWs remove pollutants through the combined effects of physical, chemical, and biological processes. Preliminary studies on the removal mechanisms and fate of pesticides have been conducted in terms of sedimentation of pesticide-laden particles, which is influenced by hydraulic retention time (HRT) and vegetation density [10] . Researchers have also explored the percentage of total retained pesticides in sediment and plants [7, 9] . Chlorpyrifos is reportedly more readily adsorbed by plants than by soils, and partitioning coefficients are at least an order of magnitude greater for plants than for soils [11] . Macrophytes growing in CWs have at least 16 properties that affect their environments, such as filtering out large debris, taking up nutrients, providing surfaces for bacterial growth, and releasing oxygen, antibiotics, and other chemicals [12] . Microorganisms are likely to have greater potential for contaminant degradation than plants because of their large surface area and high metabolic rate. Plants are reported to remove chlorpyrifos from wastewater at a rate of up to 0.2 mg L -1 d -1 [13] , whereas bacteria and fungi remove chlorpyrifos at a rate ranging between 7.4 and 12.1 mg L -1 d -1 [14] . Plant-microbe association is a common strategy in pollution remediation; however, the ways in which vegetation influences the roles of microbes in CWs is not well known.
The aim of the present study was to elucidate the percentage contribution of pathways to the removal of chlorpyrifos from CWs, especially the role of vegetation and its impact on microbial degradation. The results of this study provide insight into the chlorpyrifos partitioning patterns and removal mechanisms in CWs.
Materials and Methods

Reagents
Chlorpyrifos (purity 99.9%) and Supelclea ENVI-18 cartridges were purchased from the Sigma-Aldrich Co. Acetone, ethyl acetate, and methyl alcohol were of chromatographic grade.
Pilot-scale CWs
Experimental systems were placed in the open air in Wuhan, China (30.55 E and 114.36 N) . Six pilot-scale vertical flow CWs, made from polyethylene (PE) columns with a height of 600 mm and a diameter of 500 mm, were filled to a depth of 300 mm with washed river sand Outflow water samples were collected on days 4, 7, 17, and 29. Samples of I. pseudoacorus were harvested after the experimental stage and leaves, stems, rhizomes, and roots were separated. Substrate samples were collected 48 h after the first and last chlorpyrifos application. Substrate samples were collected from five separate sites in each column. All substrate samples were approximately of the same size and were collected from the same height. After collection, substrate samples were homogenized, placed in sterilized centrifuge tubes, and transported to the laboratory, where they were stored at -20ºC. Plant samples were ground in liquid nitrogen immediately after harvest and stored at -80ºC.
Extraction and Detection of Chlorpyrifos
Chlorpyrifos in water samples was extracted by solid phase extraction (SPE) with a mean recovery of 91.03%. ENVI-18 cartridges were conditioned with 5 mL methanol followed by 5 mL water samples. After adding the water samples, cartridges were dried by reduced pressure. Then the cartridges were eluted with 10 mL ethyl acetate. The extracts obtained were concentrated with N 2 flow to a volume of 1 mL.
Chlorpyrifos concentration in plant tissue was determined according to the method described by Xiao [17] , with some modification. Mean recovery using the modified method was 95.00%. Two grams of plant tissue were placed in a 50 mL capped centrifuge tube containing a mixture of 10 g anhydrous sodium sulfate and 30 mL acetone. Samples were homogenized by highspeed dispersator (4,000 rpm, 6 min) and then centrifuged (6,000 rpm, 10 min) at 4ºC. The supernatant was transferred to a fresh centrifuge tube and the extraction procedure was repeated using 20 mL acetone. The organic extracts were then passed through a column packed with (from top to bottom) 2 g anhydrous sodium sulfate, a mixture of 0.5 g activated carbon (0.5 g celetom and 4 g neutral aluminum oxide), and 2 g anhydrous sodium sulfate. The column was eluted with 10 mL × 5 ethyl acetate, and after passing through the column the extracts were concentrated with N 2 flow to a volume of 1 mL.
Chlorpyrifos concentration in substrate was determined as follows with mean recovery of 90.90%. Ten grams of substrate was placed in a 250 mL Erlenmeyer flask containing a mixture of 10 g anhydrous sodium sulfate and 30 mL acetone and shaken on a rotary shaker (at 200 rpm) for 1 h. The liquid was transferred to a rotary evaporation flask and the extraction procedure was repeated using 20 mL acetone. The organic extracts were passed through a column packed with (from top to bottom) 2 g anhydrous sodium sulfate, 5 g silica gel powder, and 2 g anhydrous sodium sulfate. The column was eluted with 10 mL × 5 ethyl acetate and after passing through the column, extracts were concentrated with N 2 flow to a volume of 1 mL. The powder-like materials in the column were all burned using a muffle furnace before use.
Gas chromatograph (GC) analysis was performed using an Agilent 6890N gas chromatograph (Agilent Technologies, USA) equipped with an Agilent 5793 inert MSD. A fused silica capillary column (DB-5 ms, 0.25 mm × 30 mm × 0.1 μm) was employed. The GC oven temperature program consisted of an initial temperature of 50ºC for 2 min, followed by a ramp of 20ºC min -1 to 280ºC. The injector temperature was 250ºC and the injected volume was 1 μL. Helium (purity > 99.999%) was used as carrier gas at a constant flow rate of 1 mL min -1 .
Degradation Potential of Chlorpyrifos by Microorganisms
Freshly collected substrate (10 g) was added to 90 mL sterile water in a 100 mL centrifuge tube and then vortexed thoroughly. Sterilized substrate was taken with the same process as the control group. After vortexing, one mL suspension was added to 100 mL culture medium and incubated at 30ºC. After 48 h, 20 mL of the resultant culture was centrifuged (5,000 rpm, 4ºC, 10 min). The supernatant was discarded and the pellet was washed by adding 20 mL normal saline to the centrifuge tube, mixed thoroughly by vortexing and centrifuging again. The washing step was repeated three times. Inoculum was prepared by adding sterile water to the washed solids until the OD 400 was 2.0. Culture medium (pH 7.0) was prepared that consisted of 0.
glucose, and 5 g L -1 peptone in deionized water. Culture medium (20 mL) containing 100 mg L -1 chlorpyrifos and 1 mL inoculum were mixed in a 50 mL Erlenmeyer flask and incubated at 30°C (nine replicates for each sample). The chlorpyrifos concentrations in the flasks were determined 2, 4, and 8 days after the start of incubation.
Data Analysis
Differences among outflows, substrates, plant tissues, and microbial transformations were analyzed by oneway ANOVA with least significant difference (LSD) for multiple comparisons, and mean values differences were regarded as significant at the 0.05 level. Calculations were performed using the statistical program PAW version 20.0 [18] . Mass balance of chlorpyrifos portioning in CWs was calculated as follows:
• Substrates: chlorpyrifos remaining in substrates at the end of the experiment.
• Outflows: average chlorpyrifos concentration in effluent multiplied by total effluent volume from each CW.
• Macrophytes: sum of chlorpyrifos accumulation in all plant tissues.
• Micro-degradation, volatilization, and photolysis:
the difference between total influent chlorpyrifos and the sum of the chlorpyrifos contained in substrates, outflows, and macrophytes.
Results and Discussion
Removal Efficiency
Removal rates of chlorpyrifos by vertical flow CWs ranged from 87.65% to 96.57% (Table 1 ). The average removal rate was significantly higher in the vegetated group (95.63%) than in the non-vegetated group (92.64%). The removal rate on day 4 was remarkably lower than on other sampling days. In the vegetated group, there were no other differences in removal rate between days. In the non-vegetated group, although there was no difference in removal rates on days 7 and 17, the removal rate was higher on day 7 than on days 4 and 29. Removal rates were significantly higher on days 4 and 29 in vegetated systems than in non-vegetated systems. Moreover, the removal rates fluctuated less in the vegetated group than in the non-vegetated group, as indicated by the standard deviations for the overall mean removal rates (0.0162 and 0.0413, respectively).
CWs are effective for removing other organic environmental pollutants, such as monochlorobenzene (MCB) and perchloroethylene (PCE). Chen et al. found that removal rates of MCB and PCE along the flow path was faster in planted CWs than in unplanted CWs [19] . Peak concentrations of mixed pesticides are reportedly reduced by 72% in non-vegetated CWs and 91% in vegetated CWs, representing toxic unit (TU) reductions of 79% and 95%, respectively [9] . Vegetation also plays an important role in resisting algal blooms in surface flow CWs installed to handle both nutrients and pesticides [20] . The presence of emergent vegetation is critical for managing large wetland treatment systems, especially those with low P loadings [21] . Therefore, vegetation is an indispensable part of CWs installed for pesticide or inorganic nutrient elimination. Although the removal efficiency in vegetated (95.72%) and non-vegetated (91.67%) CWs after 29 d were similar in the present study, the difference was statistically significant. In this study, vegetation did not have as great an influence as that described in previous studies, but it did contribute to the stability of the purification effect.
In addition to the direct association between chlorpyrifos degradation and vegetation, chlorpyrifos degradation was related to pH, which was lower in nonvegetated CWs than in vegetated CWs ( Table 1 ). The rate of chlorpyrifos degradation was low in acidic soils, but increased considerably with increasing soil pH (4.7-8.4). High pH not only helps to develop enhanced chlorpyrifos degradation, but is also required to maintain it over long periods [22] . In groundwater, the half-life of chlorpyrifos decreases from 49.9 d to 44.4 d when pH increased from 7 to 8.5 [23] . In the present study, the pH of inflow and outflow water decreased from 7.53 to 7.05 after CW treatment, as has been previously reported for horizontal sub-surface flow CWs treated with chlorpyrifos (pH 6.9 to 5.0) [24] . Therefore, the elimination of chlorpyrifos by CWs may involve consumption of alkali materials, and more of these materials may be used in the absence of vegetation than when vegetation is present.
Residues in the Substrate
There were no differences in chlorpyrifos concentration of substrate samples between vegetated and non-vegetated CWs at either the start or end of the experimental stage. In spite of repeated inflow, chlorpyrifos remaining in substrate decreased drastically from 0.76 mg kg -1 to 0.17 mg kg -1 between the initial and terminal phases of the experiment (Fig. 1) . Pesticides in the passing flow can be retrained in CWs by sedimentation or adsorption and retained pesticides may undergo biotic and abiotic transformations [25] . Transformations in the present study included microorganism degradation, plant uptake, volatilization into the air, and natural photolysis. These transformations were similar to those previously described [26] [27] [28] . The significant decrease in substrate chlorpyrifos between the initial and terminal stages of the experiment suggest that the potential of chlorpyrifos transformation increased over the course of the experiment. However, less than 2.5% of added chlorpyrifos is reported to mineralize in wetland microcosms [29] . The mineralization that occurs is mostly due to microbial metabolism, as chlorpyrifos is rapidly degraded and mineralized to CO 2 when the test soils are amended with enhanced microorganisms [22] . Further toxic assessments are needed to accurately determine the rate of ultimate chlorpyrifos mineralization in CWs.
Uptake by Plant Tissues
As shown in Fig. 2 , the chlorpyrifos concentration in the rhizomes and roots of I. pseudoacorus was significantly higher than in leaves and stems; the rhizome and root concentration was approximately 30-to 50-fold that of the leaf and stem concentration. There were no differences in chlorpyrifos concentration between rhizomes and roots or between plants and stems. Rhizomes accumulated the largest total amount of chlorpyrifos (60.83%) absorbed by plants, followed by roots (38.05%), leaves (0.64%), and stems (0.49%). The mass percentages of the four tissues were 37.79%, 27.19%, 19.66%, and 15.35% for rhizomes, roots, leaves, and stems, respectively. Although rhizomes had the second-highest chlorpyrifos concentration, they had the greatest biomass, resulting in greater total accumulation in the rhizomes than in the roots. Therefore, plants with large rhizomes might be better for removing chlorpyrifos or other organophosphate pesticides than those with small rhizomes. The octanol-water partition coefficient (Kow) has been used as an indicator of pesticide bioavailability and translocation from plant roots to the transpiration stream [30] [31] . Chlorpyrifos is a lipophilic compound with a log Kow of 4.7∼5.3 that can be quickly adsorbed on root surfaces and can cross the biomembrane, but is not readily transported from roots to aboveground tissues [32] [33] [34] . This explains why chlorpyrifos accumulation in I. pseudoacorus occurred primarily in underground parts. Plant harvest is one of the most important management practices for removing compounds that macrophytes have taken up from CWs [35] . However, increased methane emissions can occur after such harvests [36] . This may be more effective for focusing on transformation and utilization of chlorpyrifos in plant tissues rather than harvesting the aboveground biomass, as chlorpyrifos primarily accumulated in underground tissues. Plants possess a broad spectrum of enzymes that can metabolize or stabilize chemicals, and thus may prevent the dispersion of pesticide residues after plant death or shoot harvest [37] . Chlorpyrifos can be completely mineralized through a combination of plant metabolism and rhizosphere microbial breakdown [32, 37, 38] . Further research into the relationships between plants and microorganisms is needed in order to improve the efficiency of phytoremediation.
Degradation Potential of Microorganisms
As shown in Fig. 3 , degradation rates of the two sterilized groups were nearly the same. Less than 30% of the total chlorpyrifos was degraded by abiotic factors after eight days of incubation. Compared with substrate collected at the initial time of the experiment, the average degradation rates increased by 23.23 and 44.23% for substrate collected from vegetated and non-vegetated CWs, respectively, at the end of the experiment. No differences were detected in chlorpyrifos degradation rate between samples collected from vegetated and nonvegetated CWs at the initial time. However, at the end of the experiment the degradation rate in samples from nonvegetated CWs was 12.56% higher than that in samples from vegetated CWs.
Competition for chlorpyrifos may have existed between microorganisms and plants. As discussed in 3.3, chlorpyrifos can be easily adsorbed onto the lipophilic structures of the root system and quickly cross the biomembrane. This decreases the chlorpyrifos available to microorganisms, thereby reducing the potential for microbial degradation. However, root systems can also act as a support for soil microflora. The exudates from roots, consisting of sugars, amino acids, and organic acids, enhance the development of bacteria and fungi biomass [39] . There is a positive correlation between chlorpyrifos loss and root biomass [40] , which suggests that root biomass or planting density are important determinants of pesticide elimination. There may be some optimal ratio of pollution load to root biomass, at which point the balance between root exudates and chlorpyrifos availability maximizes chlorpyrifos degradation by microbes.
Percentages of Chlorpyrifos Removal by Different Pathways
An overall view of chlorpyrifos mitigation in vertical flow CWs is presented in Fig. 4 . Residues in effluent water and substrate were less than 10% and 20% of input, respectively. The sum percentage of effluent water and substrate were slightly higher in non-vegetated systems (28.11%) than in vegetated systems (21.19%). Plant absorption accounted for 22.7% of the chlorpyrifos added to the system. The remainder is attributed to degradation by microorganisms, volatilization into the air, and natural light degradation. These processes were responsible for 56.11% and 71.89% of the chlorpyrifos added to the vegetated and non-vegetated systems, respectively.
Except for residues in outflows, substrates, and plant tissues, there was a 15.78% difference between vegetated and non-vegetated CWs in the chlorpyrifos mass. This could be attributed to the by-effects that vegetation brought about, including changes in microbial degradation, volatilization, and natural photolysis. Volatilization and photolysis might be inhibited by plant shading. The results reported in section 3.4 showed that the chlorpyrifos degradation potential by microorganisms was 12.56% higher in non-vegetated CWs than in vegetated CWs. If this proportion was subtracted from the sum discrepancy of 15.78%, it could be extrapolated that 3.22% less chlorpyrifos was removed from vegetated CWs than from non-vegetated CWs by volatilization and natural light degradation (Fig. 5) .
Racke reported that volatilization accounted for 2.6% of added chlorpyrifos from sand soil within 30 days [41] . In addition, when soils were sterile, complete inhibition of chlorpyrifos hydrolysis was observed, indicating the involvement of soil microorganisms in this process. Photolysis occurs only at moderate rates under neutral pH conditions [42] . Consequently, it was likely that volatilization and photolysis accounted for only a minuscule portion of the chlorpyrifos removed from the water in the present study.
Conclusions
This investigation was conducted to determine the contribution percentage of different pathways to chlorpyrifos removal in CWs, especially the role of vegetation and its impact on microbial degradation. Vegetation was a factor in maintaining the stability of chlorpyrifos removal in vertical flow CWs. Compared with other organs, the rhizomes of I. pseudoacorus accumulated the largest amount of chlorpyrifos. The micro-degradation potential of vegetated CWs was 12.56% lower than that of non-vegetated CWs, indicating competition between chlorpyrifos absorption by roots and availability for microorganisms. The distribution of chlorpyrifos in CWs was as follows: 15.96% remnant in substrate, 5.23% remnant in outflow, 22.7% taken up by macrophytes, and 56.11% combined removal by microbes, volatilization, and photolysis. The primary differences between chlorpyrifos distributions in vegetated and nonvegetated CWs were in the percentages associated with macrophytes and combined microbes, volatilization, and photolysis. 
